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Abstract
A simple analytical method was developed for the prediction of the friction factor, f, of fully developed turbulent
flow and the Nusselt number, Nu, of fully developed turbulent forced convection in rod bundles arranged in square
or hexagonal arrays. The friction factor equation for smooth rod bundles was presented in a form similar to the
friction factor equation for turbulent flow in a circular pipe. An explicit equation for the Nusselt number of turbulent
forced convection in rod bundles with smooth surface was developed. In addition, we extended the analysis to rod
bundles with rough surface and provided a method for the prediction of the friction factor and the Nusselt number.
The method was based on the law of the wall for velocity and the law of the wall for the temperature, which were
integrated over the entire flow area to yield algebraic equations for the prediction of f and Nu. The present method
is applicable to infinite rod bundles in square and hexagonal arrays with low pitch to rod diameter ratio, P/D1.2.
© 2002 Elsevier Science B.V. All rights reserved.
www.elsevier.com/locate/nucengdes
1. Introduction
Accurate knowledge of the friction factor of
turbulent flow and the Nusselt number of turbu-
lent forced convection in rod bundles in square or
hexagonal arrays is essential for the design and
reliable operation of nuclear reactors and is im-
portant also in other engineering applications. A
large number of experimental and theoretical
works have been done in the last 50 years, but
accurate and reliable correlations for the friction
factor and the Nusselt number in such a complex
turbulent flow are still to be achieved.
The purpose of this work is to develop a simple
analytical method for the prediction of the fric-
tion factor, f, of fully developed turbulent flow
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and the Nusselt number, Nu, of fully developed
turbulent forced convection in rod bundles ar-
ranged in square or hexagonal arrays. For the
friction factor in rod bundles with smooth sur-
face, we followed the work of Lee (1995), but
presented the friction factor equation in a differ-
ent form, which is similar to the friction factor
equation for turbulent flow in a circular pipe. We
applied the same analytical method to derive an
explicit equation for the Nusselt number of turbu-
lent forced convection in rod bundles with smooth
surface. In addition, we extended the analysis to
rod bundles with rough surface and provided a
method for the prediction of the friction factor
and Nusselt number. The prediction of the fric-
tion factor and Nusselt number was based on the
law of the wall for velocity and the law of the wall
for temperature which were integrated over the
entire flow area to yield algebraic equations for
the prediction of f and Nu. The laws of the wall
for velocity and temperature assume the same
classical forms as for turbulent flow in a circular
pipe. We used two empirical expressions, one for
the variation of the local friction velocity and the
other for the variation of the local friction tem-
perature, to assess the behaviour of the flow
parameters along the rod periphery. The present
method is applicable to infinite rod bundles in
square and hexagonal arrays with low pitch-to-di-
ameter ratio, P/D1.2.
Before moving to the analytical development,
we first present a literature survey of related
works.
2. Literature survey
Many studies had been carried out in the 1970s
on turbulent flow and heat transfer in rod bundles
on hexagonal arrays partly due to their impor-
tance in liquid-metal cooled fast breeder reactors
(LMFBRs). Rehme (1972) investigated the pres-
sure drop of rod bundles with pitch to rod diame-
ter ratios P/D=1.025–2.324 and Reynolds
numbers in the range 600–200 000. He compiled
experimental and theoretical results on pressure
drop coefficients in rod bundles by over 60 au-
thors and compared with his own results. Rehme
(1972) concluded that the pressure drop coeffi-
cients in closely packed rod bundles are consider-
ably deviated from that for a circular pipe. In a
subsequent paper, Rehme (1973) proposed a sim-
ple method for the prediction of the friction factor










which furnishes good results provided the geome-
try factors for laminar now, A and G*, are
known.
Trupp and Azad (1975) studied experimentally
fully turbulent flow for three rod spacings (P/D=
1.2, 1.35 and 1.5) over the Reynolds number
range of 12 000–84 000 in a wind tunnel. They
measured the local wall shear stress, the distribu-
tion of mean axial velocity, Reynolds stress and
eddy diffusivities and discussed the structure of
turbulent flow with the secondary flow pattern.
In search for a theoretical approach to the
problem, Carajileskov and Todreas (1976) applied
a one-equation turbulence model to compute the
velocity field of axial and secondary flows in an
interior subchannel of a bare rod bundle. They
measured the distribution of axial velocity, turbu-
lent kinetic energy and Reynolds stresses using a
laser Doppler anemometer (LDA). This work was
followed by a two-equation anisotropic turbu-
lence modelling of the flow (Bartzis and Todreas,
1979). Heat transfer predictions were also made to
confirm the importance of anisotropic viscosity in
temperature predictions; these predictions, how-
ever, were not compared with experimental data.
Parallelly, Fakory and Todreas (1979) investi-
gated experimentally the wall shear stress distribu-
tion around the rod periphery, static pressure
distribution, turbulence intensity and the friction
factor in the central subchannel for Reynolds
number between 4000 and 36 000 and showed that
the maximum wall shear stress occurs at the
largest flow area and that the static pressure is not
uniform around the rod periphery.
Turbulent flow and heat transfer in rod bundles
in square arrays were also investigated exten-
sively. Marek et al. (1973) covered results of
pressure drop and heat transfer on two rod bun-
dles with smooth surfaces; also pressure losses at
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the spacers and the circumferential temperature
distribution were measured. They proposed rela-
tions for the friction factor and the Nusselt num-
ber in analogue to circular pipe correlations.
Hooper (1980) measured the mean velocity varia-
tion, the wall shear stress variation and the six
components of the symmetrical Reynolds stress
tensor of turbulent flow in rod bundles in square
arrays at two spacings (P/D=1.194, 1.107). The
departure of the turbulent flow structure from the
circular pipe flow was found to depend strongly
on the P/D ratio. In a follow up paper, Hooper
and Wood (1984) used the axial momentum inte-
gral equation to show that the shear stress distri-
bution is primarily determined by the pressure
gradient and the shear stress u  , a result that
confirms the negligible influence of the mean sec-
ondary flow on flow parameters. In the same year,
Hooper and Rehme (1984) showed that the axial
and azimuthal turbulence intensities in the rod
gap region increase strongly with decreasing rod
spacing. The existence of features that promote
intersubchannel momentum and heat transfer re-
duce the azimuthal variation of both the skin-fric-
tion coefficient and the heat transfer. The
distribution of wall shear stress, mean axial veloc-
ities and turbulence intensities for the Reynolds
number 500 000 were measured by Renksizbulut
and Hadaller (1986) through the laser Doppler
anemometry and calibrated Preston tubes.
Cheng and Todreas (1985) presented a compre-
hensive study on hydrodynamic models and corre-
lations for bundle friction factors, subchannel
friction factors and mixing factors in bare and
wire-wrapped hexagonal rod bundles. Vijayan et
al. (1999) carried out experiment measurements of
the pressure drop across various components of a
pressurised heavy water reactor (PHWR) fuel
channel under single-phase conditions. Recently,
Chun and Seo (2001) performed an experimental
study and a comparative study of five existing
correlations for wire-wrapped fuel assemblies.
There had been more interests in the structure
of turbulent flow and heat transfer in rod bundles
in the 1980s and 1990s. Distributed parameter
analysis demand empirical information on both
turbulent momentum and energy transfer (Krauss
and Meyer, 1998). A series of systematic experi-
mental studies have been carried out at Kern-
forschungszentrum Karlsrushe (KfK) on
turbulent flow through rod bundles and resulted
in a large quantity of experimental data of the
structure of turbulent flow and heat transfer.
Rehme (1987) reviewed experimental investiga-
tions on the structure of turbulent flow through
rod bundles and reported important results of a
systematic experimental study of turbulent flow
through subchannels of rod bundles showing
clearly that turbulent flow through rod bundles
differs greatly from turbulent flow through circu-
lar tubes. Rehme (1987) performed measurements
of the mean velocity, wall shear stresses, and
turbulence intensities in a rod bundle of four
parallel rods arranged in a rectangular channel
(P/D=W/P=1.148) for three ratios of length-to-
hydraulic diameter (L/Dh). Rehme (1992) re-
viewed the experimental data on natural mixing
between subchannels of rod bundles by turbulent
exchange and concluded that cyclic and almost
periodic flow pulsations through the gaps of rod
bundles are the reason for the observed mixing
rates through the gaps which are relatively inde-
pendent of the gap width. Möller (1991) per-
formed an experimental investigation on the
turbulent flow in several rod bundles with differ-
ent aspect rations. Hot wires and microphones
were used for the measurements of velocity and
wall pressure fluctuations. Based on the experi-
mental results, a phenomenological model was
proposed to explain the quasi-periodic behaviour
of the turbulent fluctuating velocities in the axial
and azimuthal directions. Subsequently, Möller
(1992) investigated single-phase turbulent mixing
in rod bundles by means of hot-wire measure-
ments of spectra of the components of the turbu-
lent fluctuating velocities in the gap regions of rod
bundles and proposed a phenomenological model
for the flow pulsation and mixing factors. Meyer
(1994) investigated fully developed turbulent air
flow in a heated 37-rod bundle with a pitch-to-di-
ameter ratio of 1.12. Krauss and Meyer (1996)
investigated turbulent air flow in a wall subchan-
nel of a heated 37-rod bundle (P/D=1.12, W/
D=1.06) by performing measurements with a
hot-wire probe with x-wires and a temperature
wire. The mean velocity, mean fluid temperature,
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wall shear stress and wall temperature, turbulent
quantities such as the turbulent kinetic energy,
Reynolds stresses, and turbulent heat fluxes were
measured. Krauss and Meyer (1998) investigated
turbulent air flow in a central channel of heated
37-rod bundles with triangular array at two-dif-
ferent pitch-to-diameter ratios (P/D=1.06 and
P/D=1.12). Time mean quantities and turbulent
quantities were measured.
In the continual search for accurate correla-
tions, Kim et al. (1993) developed an analytical
model to predict the pressure drop and the heat
transfer of turbulent flow in rod bundles. They
divided the flow channel into a number of element
channels and obtained the skin friction equation
by integrating the logarithmic law of the wall in
each element channel and summed up. The same
was carried out for the Stanton number. How-
ever, this method cannot be applied to low pitch-
to-diameter ratio (P/D1.2) as the
circumferential variation of local wall shear stress
and temperature was not considered. Lee (1995)
developed an analytical method for the prediction
of the friction factor of turbulent flow in rod
bundles of low pitch-to-diameter ratio by intro-
ducing the variation of local friction velocity
along the rod periphery and integrating the law of
the wall for velocity in whole flow area. The
predicted friction factors are in good agreement
with available experimental data. To our knowl-
edge, no such a study has been done for the
prediction of the Nusselt number in rod bundles
of low pitch-to-diameter ratio.
We see through the literature survey that, as
expected, the experimental and theoretical studies
of turbulent flow and convection in rod bundles
have been conducted always in comparison with
the turbulent and convection in circular pipes.
The correlations for the friction factor and the
Nusselt number were usually presented as correc-
tions to the circular pipe values at the same
Reynolds and Prandtl numbers by multiplying a
factor dependent on the pitch-to-diameter ratio.
However, in a recent review on the prediction of
turbulent flow and convection in round tubes,
Churchill (2001) argued that the Nusselt number
does not appear to be a fixed power of the tube
Reynolds number and that the Nusselt number is
found to be a fixed power of the Prandtl number
only in the limit of infinity. He further pointed
out that the use of the correlations of Nusselt
number as a fixed power function of both
Reynolds number and the Prandtl number has
actually impeded the representation, understand-
ing, and the prediction of turbulent convection.
3. Analysis
3.1. Friction factor for rod bundles with smooth
surface
We follow the work of Lee (1995) in the devel-
opment of an analytical prediction of the friction
factor of turbulent flow in rod bundles with
smooth surface, but present the friction factor
equation in a different form, which is similar to
the friction factor equation for turbulent flow in a
circular pipe (White, 1974).
The law of the wall for incompressible turbu-











where u is the friction velocity,  is the kinematic
viscosity,  (=0.40) and B (=5.5) are constants.
Following Lee (1995) we adopt the Fanning
friction factor f, which is related to the friction







where ū is the mean velocity in the flow channel
and ū the mean friction velocity in the channel
perimeter.
The friction factor equation in a circular pipe
can be deduced by applying the law of the wall
over the entire pipe radius. Integration of the
















where Re is the Reynolds number based on the
pipe diameter.
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For the typical geometry of an infinite rod












 (P/2 sec −R)
0
u(y)(R+y)dy d (5)
where P is the pitch of the rod bundle, and R the
radius of the rods. The distance y is taken from
the periphery of the rod outward in radial direc-
tion; the angle max defines the type of the rod
bundle. For a rod bundle in hexagonal array.
max=/6; for a rod bundle in square array.
max=/4. Fig. 1 shows the typical geometry of
infinite rod bundles in hexagonal or square arrays
together with definition of the coordinate and
parameters.
The area of the characteristic domain of the





 (P/2 sec −R)
0
(R+y)dy d. (6)
Applying the law of the wall to the whole flow
channel area A, we proceed to substitute Eq. (2)
into Eq. (5) to find the friction factor equation.
However, in closed packed rod bundles, the wall
shear stress varies along the rod periphery, and
thus, the integration cannot be performed unless
this angular variation is modelled. Based on data
of Trupp and Azad (1975), Fakory and Todreas
(1979) for the hexagonal array and of Hooper
(1980), Renksizbulut and Hadaller (1986) for the
square array, it is possible to write
u= ūF().











= (1−a cos 4−b cos 8)1/2,
square array (8)
where the constants a and b are shown in Table 1,
given by Lee (1995) through a data fitting.
We obtain the mean flow velocity by introduc-
ing the local variation of the friction velocity into
the law of the wall and integrating over the chan-
nel area A
Fig. 1. Schematic diagram of rod bundles: (a) hexagonal array; (b) square array.
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Table 1















The thermal law of the wall for flow over a










where Tw is the wall temperature, t(=0.44), and
Bt is a function of the Prandtl number, Pr,
through equation
Bt(Pr)=13Pr2/3−7 (15)
























Similarly to the wall shear stress behaviour, we
expect the wall heat transfer to vary along the rod
periphery. Thus, if somehow this variation can be
accounted for, then Eqs. (14) and (18) can be used
to give predictions of the heat transfer coefficient.
Here, invoking the existing similarity between
the transport mechanisms in the velocity and tem-
perature fields for turbulent flows we make
T=T H(), and H()=F(). (19)
Applying the laws of the wall for velocity and


















× (R+y)dy d (9)
















where 	1 and 	2 are dimensionless geometrical
parameters. The development of Eq. (10) and the
definition of the parameters are given in the Ap-
pendix B.
Using the definition of the friction factor, Eq.
(3), and of the Reynolds number based on the
hydraulic diameter DH, Re=DHū/, we obtained
the friction factor equation of turbulent flow in


















3.2. Nusselt number for rod bundles with smooth
surface
All the above ideas can be applied to the tem-
perature field, provided the thermal law of the
wall is considered together with the concept of
bulk temperature.
Our objective is to determine the Nusselt num-








where h is the heat transfer coefficient of turbulent
forced convection, and  is the thermal conductiv-
ity of the fluid. The Nusselt number can be ob-






























Further simplifying and using the definitions of























The development of the equation and the defin-
ition of geometrical parameters above are given in























3.3. Rod bundles with rough surface
Many specialisations of the law of the wall have
been proposed in literature to account for such
diverse effects as surface roughness, transpiration,
pressure gradients, three-dimensionality, com-
pressibility and shock-wave interaction, among
many others. In this work, we are interested in
flow over rough surface and will refrain ourselves
by just introducing the formulation of Clauser
(1956) for pipe flow, for the average roughness














Three roughness regimes can be defined by
using k+ =ku/, i.e. hydraulically smooth wall
for k+4, transitional-roughness regime for 4
k+60, and fully rough flow for k+60. In the
last case, Clauser’s law of wall, Eqs. (23) and (24)
reduces to that proposed by Nikuradse (1933).
Parallel to the analysis of turbulent flow and
heat transfer in rod bundles with smooth surface,
we apply the law of the wall for velocity over
rough surface, Eq. (23), in the flow channel and




















Using the analytical integrals in y given in the





















which is a transcendental equation for the friction
velocity ū. It can be readily solved by using
standard root-finding methods combined with nu-
merical integration for the evaluation of the right-
hand side of the equation. The friction factor is
thus determined by Eq. (3).
Similarly, we apply the idea to the analysis of
turbulent forced convection in rod bundles with
rough surface. Applying the laws of the wall for
velocity, Eq. (23), and for temperature Eq. (14),

























which is further simplified to an equation for the
Stanton number by using the integrals defined in
the Appendix B










































As the friction velocity is already determined by
using Eq. (26), we can see that Eq. (28) is an
explicit equation for the Stanton number, which
involves numerical integration for the right-hand
side. The Nusselt number can now calculated,
Nu=StRePr.
4. Results and discussion
The friction factor equation (Eq. (11)) for tur-
bulent flow in rod bundles in smooth surface is
mathematically equivalent to that obtained by Lee
(1995), though in a different form. Lee (1995) has
shown that the friction factors predicted by this
method are in good agreement with the available
experimental data. We calculated the geometrical
parameters, 	1 and 	2, in the friction factor equa-
tion, Eq. (11), for eleven pitch-to-diameter ratios
in the range of 1.10–1.20. The values of the
parameters are shown in Table 2 for hexagonal
arrays and in Table 3 for square arrays. With the
calculated values, the friction factor equation (Eq.
(11)) can be used in the same way as the Kar-
man–Nikuradse equation for the friction factor in
a circular pipe. We see in the Tables 2 and 3 that
the values of 	1 are near unity and approach to
unity with increasing pitch-to-diameter ratio,
while the values of 	2 are quite different from the
value in the equivalent circular pipe equation,
−1.5. It is also interesting to compare Eq. (11)
with the friction factor equation by Rehme
(1973).
In Figs. 2 and 3, we show the prediction by the
proposed friction factor equation compared with
that by the well-known correlation by Cheng and
Todreas (1985). It can be seen that our analytical
prediction is in good agreement with the empirical
correlation based on a large pressure drop data
base; the agreement is better for higher Reynolds
numbers. The analytical prediction must necessar-
ily be slightly in error, particularly for lower
Reynolds numbers, since the laminar viscous layer
is not taken into account, in the law of the wall
used. Comparing Figs. 2 and 3, we see that the
agreement is slightly better for P/D=1.20 than
for P/D=1.05.
In Tables 4 and 5, we present the calculated
values of the coefficients, 
0, 
1, 
2, 1 and 2 the
Nusselt number equation, Eq. (22), for eleven
pitch-to-diameter ratios in the range of 1.10–1.20,
for hexagonal and square rod bundles, respec-
tively. The coefficients are not purely geometrical,
as the constants in the laws of the wall for veloc-
ity and for temperature are used in the calculation
(=0.4; B=5.5, and t=0.44). We leave the
Table 2
Geometrical parameters in the friction factor equation (Eq.














Geometrical parameters in the friction factor equation (Eq.
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Fig. 2. Friction factor for an hexagonal array of smooth rods, P/D=1.05.
Fig. 3. Friction factor for an hexagonal array of smooth rods, P/D=1.20.
Prandtl number dependent coefficient Bt(Pr) ex-
plicit in the Nusselt number equation so that the
coefficients are independent of the Prandtl num-




2, 1 and 2 can be calculated
by using the expressions given in the Appendix B.
In Figs. 4 and 5, we compare Nusselt number
calculated by Eq. (22) with that by well-known
correlations for Nusselt numbers in rod bundles
(Presser, 1967; Weisman, 1959). It can be seen, for
both square and hexagonal arrays, that the
present method gives predictions similar to those
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of correlations (Presser, 1967; Weisman, 1959). In
the case of Nusselt number for a hexagonal array,
the curve given by the present method is graphi-
cally indistinguishable from the curve given by
Presser (1967).
For the turbulent flow in rod bundles with
rough surface, the transcendental equation Eq.
(26) is solved numerically to obtain the friction
factor, f, as a function of the Reynolds number,
Re, the pitch-to-diameter ratio P/D, and the aver-
age roughness height k/D. A typical result is
shown in Fig. 6. We can observe that the surface
roughness increases considerably the friction fac-
tor. For the roughness heights considered, k/D=
0.001, 0.002, 0.005, k+ has the value of 43, 113,
and 312, ranged from transitional roughness to
fully rough regime. Typical results of Stanton
numbers obtained from Eq. (28) are shown in Fig.
7. We see that surface roughness enhances the
turbulent heat transfer in rod bundle, but less in
percentage when compared with the increase in
friction factor. In Fig. 8, we show the ratio of the
Stanton number to that of a smooth circular pipe,
Sts, for a square array of rod bundle. We can
notice that for a same surface roughness, the heat
transfer enhancement varies with P/D and in-
creases with increased Reynolds number. In Fig.
9, we can verify the departure from Reynolds
analogy (St= f/2) for various surface roughness.
With smooth surface, the Reynolds analogy is
Table 4






−0.3788441.11 6.38158 −15.9337 9.05785 2.55263
−0.4127031.12 6.35266 −16.0394 9.14601 2.54106
−0.4416582.531669.223621.13 −16.13246.32914
6.31025 2.52419 −0.466549−16.21531.14 9.29233
1.15 −0.4880352.518159.35346−16.29006.29537
2.513619.40809 −0.506641−16.35816.284031.16
9.45708 2.51032 −0.5227871.17 −16.42076.27581
6.27039 −16.47891.18 9.50115 2.50816 −0.536813
1.19 6.26749 −16.5334 9.54086 2.50700 −0.548991
2.506759.57667−16.5848 −0.5595416.266881.20
Table 5





7.35981 2.73653 0.09294881.10 −13.26026.21939
2.68836 −0.008040971.11 −13.47836.10990 7.58140
2.64862 −0.09316281.12 6.01960 −13.6666 7.77153
7.93343 2.616491.13 5.94656 −13.8300 −0.164460
−0.2236538.06993 2.59124−13.97281.14 5.88917
8.18348 −0.2721872.57227−14.09865.846071.15
5.81608 −14.21021.16 8.27618 2.55908 −0.311270
8.3498−14.31025.79821 −0.3419041.17 2.55121
5.79158 −14.40021.18 8.40577 2.54830 −0.364907
−0.3809345.79547 −14.4815 8.44519 2.550011.19
−0.3904951.20 5.80920 −14.5552 8.46886 2.55605
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Fig. 4. Nusselt number for a square array of smooth rods, P/D=1.1 and Pr=0.9.
Fig. 5. Nusselt for an hexagonal array of smooth rods, P/D=1.05 and Pr=0.9.
seen to be maintained, while for fully rough sur-
face, k/D=0.005. St is nearly half of f/2. From
an engineering point of view, it would be interest-
ing under some circumstance to adopt rod bundle
heat exchanger with rough surface if it is worthy
to pay the overhead in pressure drop.
5. Conclusion
We derived an algebraic equation for the fric-
tion factor of turbulent flow in rod bundles with
smooth surface, following the work of Lee (1995).
The friction factor equation was cast in a similar
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form to the classical Karman–Nikuradse equa-
tion for the friction factor of turbulent flow in
smooth circular tube (Todreas and Kazimi, 1990).
Two geometrical parameters, 	1 and 	2 are in-
volved in the friction factor equation, which are
determined by the type of arrangement and the
pitch-to-diameter ratio (P/D). For a specific rod
bundle, 	1 and 	2 are fixed; the friction factor
Fig. 6. Friction factor for an hexagonal array, P/D=1.05.
Fig. 7. Stanton numbers for an hexagonal array, P/D=1.05 and Pr=0.9.
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Fig. 8. Influence of pitch-to-diameter ratio and Reynolds number on Stanton numbers: square array, k/D=0.001 and Pr=0.9.
Fig. 9. Departure from Reynolds analogy: hexagonal array, P/D=1.05 and Pr=0.9.
equation can be used in the same way as the
Karman–Nikuradse equation. Although mathe-
matically the friction factor equation presented
here is the same as presented by Lee (1995), it is
in a form that is more convenient to use in
engineering applications. It is structurally similar
to the friction factor equation proposed by
Rehme (1973). We can observe from the develop-
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ment of the friction factor equation that the ge-
ometry of the flow channel is represented by max
and P/D, and the empirical function F() which
is assumed to be independent of the Reynolds
number. After integration, all geometrical infor-
mations are represented by the two parameters 	1
and 	2 which we made intentionally independent
of the constants  and B of the law of the wall for
velocity.
We derived an explicit equation for the Nusselt
number of turbulent convection in rod bundles
with smooth surface, as a function of the friction
factor, the Reynolds number and the Prandtl
number. As Churchill (2001) stated, the derived
Nusselt number was not a fixed power function of
Reynolds and Prandtl numbers. Five coefficients
appeared in the expression, which involved the
universal constants , B, t, and geometrical
parameters P/D and max. If universal constants
are adopted for , B, t, the coefficients are fixed
for a given rod bundle. The proposed Nusselt
equation was as simple as the empirical correla-
tions in literature, but with a sound physical
foundation. It might in some way clarify the
complex phenomenon of turbulent convection in
rod bundles by identifying the functional relation
among the key parameters.
We applied the same analytical method to pre-
dict the friction factor of turbulent flow and the
Nusselt number of turbulent forced convection in
rod bundles with rough surface. In this case,
numerical integration was necessary to obtain the
friction factor and Nusselt number. Though the
proposed method is not as convenient as the
explicit algebraic expression for smooth surface, it
provided a useful, predictive engineering tool, and
some understanding of the physics involved in the
phenomena.
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Appendix A. Nomenclature
flow area of channel; geometry factor inA
Eq. (1)
B constant (=5.0)
Bt function of the Prandtl number
constantsa, b







h heat transfer coefficient
integrals given in the Appendix BI
J integrals given in the Appendix B
average height of surface roughnessk
k+ dimensionless surface roughness
length scale of surface roughnessks
Nusselt numberNu
pitch of rod arrayP
p pitch-to-rod diameter ratio P/D
Prandtl numberPr
wall heat fluxqw
mean wall heat fluxq̄w
radius of the rodR
St Stanton number










u local friction velocity
average friction velocityū
normal distance from wally
dimensionless wall distancey+
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Greek letters
geometrical parameters given in the	0, 	1, 	2
Appendix B





1, 2 geometrical parameters given in the
Appendix B
 angular position around the rod
von Karman’s constant (=0.4)
t constant (=0.44)
density of fluid
thermal conductivity of the fluid;
Darcy friction factor in Eq. (1)
 viscosity of fluid
 kinematic viscosity of fluid
w local wall shear stress
average wall shear stress̄w
Appendix B
We give here the details of the development of
the friction factor and Nusselt number equations
for smooth surface bundles and the definitions of
the coefficients that appear in the equations.




















(p sec −1)(p sec +1) (29)




















































(p sec −1)(p sec +3)
n
(30)
























































































× (3+p sec )
n
(31)
The area of the flow channel is
















The development of the equation for the fric-








































































 (P/2 sec −R)
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